The two fitting parameters, kl and k2, are determined from the simplest structure and describe the more complex structures well. Experimental validation of the model is presented with data for all of the geometries and four types of sacrificial oxides.
MOTIVATION
A common desire in surface-micromachining is to reduce the release-etch time. Unfortunately, linear etch rates do not apply to large lateral etch distances, since diffusion limitations are encountered. Hence, a more sophisticated method of determining etch times is required.
Release-etch modeling for surface-micromachining was first examined in detail by Monk 
THEORY
Modeling of release etching in this work is based upon finding relationships among flux, concentration, and etch rate. Details of the model have been reported previously [lO] , and the method of solution is briefly discussed here. The basic equations of the model are given in Table   2 , and the conventions are illustrated in Figure 1 . The reader is referred to Table 1 I radius above which wedge solution is valid.
L
I length of etch port.
MWsjo" I molecular weight of SO,.
r, x S I radial and linear coordinates.
I hole-to-hole or 2x hole-to-wall macincr. 
C(x) = Ax + CO (7) where x i s is 0, r,,, S, , or R,,, depending on the geometry in question.
Primitive Geometries
The three primitives considered are the rectangular etch port, bubble, and concentric circles. Completed test structures are shown in Figure 2 . The relevant solutions to all of the concentrations and etch times are given in Table 3 . The rectangular etch port (Figure 2a) is the simplest of all geometries and consists of a rectangular box that is open at one end to HF. The bubble geometry (Figure 2b) is a circular or semicircular structure that is anchored at its edges and etched from a hole in its center.
The concentric circles geometry (Figure 2c ) is a circular structure that is anchored at its center and etched from its edges.
Complex Geometries
Complex geometries are broken up into their primitive constituents. Fabricated test structures of all of the primitive geometries are shown in Figure 3 . Additional total mass flux boundary conditions are required to join primitive solutions. For example, the boundary condition for the port-to-port structure (Figure 3a) , which is two rectangular etch ports joined end to end, is In this case the flux is said to change discontinuously when the etch proceeds into the second port. However, the other solutions can be easily forced to change continuously.
The port-to-bubble geometry (Figure 3b) is a rectangular etch port joined to a semicircular region. As the etch proceeds into the bubble regime, the etch front is an ever-expanding semicircle until all of the sacrificial oxide is consumed.
The bubble-to-wedge geometry (Figure 3c ) is particularly useful, since it describes the etching of surface micromachined structures from a square array of etch holes. This is the configuration used for many devices, such as accelerometers and comb drives. The etch front starts out with a circular shape until it meets a wall or a neighboring etch front. Then the etch front is broken into four wedge-shaped regions. Because of the symmetry of the problem, only one wedge needs to be examined. An angle, QBw, is constructed which accounts for the decreasing etch front area as the etch progresses. It starts at T/Z and diminishes to zero.
The port-to-bubble-to-wedge (Figure 3c ) geometry describes the etching of a large, regular-polygonal area from its edges. This type of structure has been used to make diaphragms for surface-micromachined pressure sensors and flow sensors. Because of the symmetry of the structure, only one etch port needs to be tracked through the release-etch. First the rectangular etch port is etched. then as the etch proceeds underneath the diaphragm, a "bubble" forms. Once all of the adjoining etch fronts collide the etch proceeds into the wedge regime with angle
RESULTS
The etch structures of Figure 2 and 3 were made by depositing and patterning 1 ,um thick sacrificial oxides, followed by depositing and patterning 0.8 p m of low stress silicon nitride. Four types of sacrificial oxide were used: undoped LPCVD oxide, 2.6 wt% boro-silicate glass (BSG), 2.4 wt% phospho-silicate glass, and 4.8 wt%/3.7 wt% boro-phospho-silicate glass (BPSG). Six inch silicon substrates with etch structures were diced into individual die. The dice were placed in individual baskets for the etch studies. At time zero, the etch tank was filled with QPBW 1D3.13P For all of the different oxides, the etch kinetics, k2 and k2 were determined from the simplest structures, the rectangular etch ports, using a nonlinear least-squares fit. These coefficients were then applied to the more complex solutions. Theoretical and experimental curves are shown in Figures 4 and coefficients kl and k2 are given in Table   5 . A value of 1.6.10-5 [cm2/sec] was used for the diffusivity of HF in water.
Of all of the different oxides, the undoped LPVCD oxide results had the worst fit to theory. This was attributed to the fact that the etch front shapes of the undoped oxide films were notch-shaped for the rectangular etch ports. This notch-shape evolved during the course of the etch, making it difficult to specify the location of the etch front. The shape was presumed to be due t o unrelieved stresses in the sidewalls of the films, causing the edges t o etch faster than the bulk. The other oxides had flat etch fronts and fit the theoretical model better. 
